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Magnetic Vortex Acceleration (MVA) from near critical density targets is one of the promising
schemes of laser-driven ion acceleration. 3D particle-in-cell simulations are used to explore a more
extensive laser-target parameter space than previously reported on in the literature as well as to
study the laser pulse coupling to the target, the structure of the fields, and the properties of the
accelerated ion beam in the MVA scheme. The efficiency of acceleration depends on the coupling of
the laser energy to the self-generated channel in the target. The accelerated proton beams demon-
strate high level of collimation with achromatic angular divergence, and carry a significant amount
of charge. For PW-class lasers, this acceleration regime provides favorable scaling of maximum ion
energy with laser power for optimized interaction parameters. The mega Tesla-level magnetic fields
generated by the laser-driven co-axial plasma structure in the target are prerequisite for accelerating
protons to the energy of several hundred MeV.
I. INTRODUCTION
Laser-based ion acceleration (see [1–4] and references
cited therein) has received considerable attention over
the last two decades for the potential applications to di-
verse research areas: fundamental particle physics, in-
ertial confinement fusion, warm-dense matter, medical
therapy, etc. It is expected that with the fast develop-
ment of multi-PW laser facilities [5–11] laser ion acceler-
ation will be able to generate ion beams with energies in
excess of 100 MeV, required by many applications. Up to
now laser systems were only able to achieve the accelera-
tion of ions with energies approaching 100 MeV [12–14].
While most of the experimental results were obtained in
the Target Normal Sheath Acceleration (TNSA) regime
[15–18], higher ion energies are expected to be generated
by employing advanced regimes of laser ion acceleration,
as it was demonstrated in Refs. [12, 14]. These regimes
include, to name a few, Radiation Pressure Acceleration
(RPA) [19–21], Shock Acceleration (SA) [22], Relativistic
Transparency (RIT) [23], and Magnetic Vortex Accelera-
tion [24]. Analytical and computer simulation estimates
show that a PW or several PW laser system may be able
to generate ions with energies ranging from several hun-
dred MeV to GeV per nucleon (see [25] and references
cited therein). We note that NCD targets as well as
composite targets with NCD parts attracted a lot of at-
tention recently not only to be used for ion acceleration
[21, 35], but also for brilliant gamma-ray and electron-
positron pair production [36–39]. All these results rely on
the physics of intense laser pulse interaction with NCD
plasma, the basics of which are best illustrated by the
MVA.
In this paper we study the MVA regime for a PW-
class laser system. This regime uses near-critical den-
sity (NCD) slabs as targets, in contrast to thin micron
∗Electronic address: jaehongpark@lbl.gov
or sub-micron solid density foils used in other regimes.
Experimental studies in such targets have reported max-
imum ion energy of several tens of MeV per nucleon at
sub-PW laser systems [26–29] and previous 2D/3D com-
puter simulation studies showed that the maximum ion
energy can reach GeV level with PW-class laser systems
[30–34].
In the MVA scheme, an intense laser beam can pen-
etrate the NCD target and expels the electrons by the
ponderomotive force. It thereby creates a low density
channel in the electron plasma component along the laser
propagation axis while the ions remain at rest due to their
larger mass during a short amount of time. The radius of
the channel can be determined from balancing the energy
gain of an electron in a laser field and in the field of an
ion column [32]:
Rch =
λ
pi
(
ncr
ne
)1/3(
2
K
P
Pc
)1/6
, (1)
where ne is the electron density, ncr = meω2/4pie2 is
the critical density, e and me are the charge and mass
of an electron respectively, ω is the laser angular fre-
quency, K = 1/13.5 is the geometrical factor, P is the
laser power, Pc = 2m2ec5/e2 = 17GW is a characteristic
power for relativistic self-focusing [41], and c is the speed
of light in vacuum.
As the laser propagates in the self-generated channel, it
accelerates electrons in its wake. These electrons form a
thin filament along the central axis, carrying strong elec-
tric current, which is due to the plasma lensing effect [40],
i.e., to the electron flow pinching as it propagates through
the ion background [32]. Thus, a co-axial plasma struc-
ture is formed with the current flowing along the axis and
the return current flowing in the channel wall, resulting
in a strong azimuthal magnetic field confined inside the
channel (we note that a similar approach to generating
strong azimuthal magnetic fields in plasma was reported
in Refs. [42–44], where a long laser pulse was interacting
with a pre-filled channel). When the laser, followed by
this pinched current, exits the target from the back, the
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2magnetic fields begins to expand in the transverse direc-
tion. In doing so, the field displaces the electron compo-
nent of the plasma with respect to the ion one, and, as
a result, both strong longitudinal and transverse electric
fields are generated, which accelerate and collimate ions
in the form of a well defined beam with achromatic di-
vergence. These accelerated ions mainly originate from
the same filamentary structure, since the electron current
pre-accelerates a number of ions as it propagates through
the ion channel.
The maximum achievable ion energy in the MVA
scheme is determined by several parameters such as tar-
get density, target length, laser power, laser focal spot
size, etc. The optimum condition to maximize the pro-
ton energy for a given laser power can be obtained based
on the waveguide model, where the electromagnetic en-
ergy is perfectly confined inside the self-generated chan-
nel [30]. The optimum condition for acceleration is given
by the following relation, basically obtained by equating
the laser energy to the total energy the electrons inside
the channel can acquire after interacting with the laser
[30]:
ne
ncr
= 21/2K
√
P
Pc
(
Lp
Lch
)3/2
, (2)
where Lp = cτ is the laser pulse length, τ is the laser
pulse duration, and Lch is the target length.
Most previous studies of the MVA scheme have been
done through 2D Particle-in-Cell (PIC) simulations that
successfully qualitatively explained how the mechanism
works, though in was understood that the magnetic vor-
tex is a 3D structure [24, 30, 31]. So, in order to get
quantitatively accurate results on the MVA scheme, 3D
PIC simulations are required. Recent 3D simulations of
the MVA scheme [29, 33, 34] explored ion acceleration for
different laser powers and polarization (linear and circu-
lar cases), but left the study of the coupling and field
structure out.
In this paper, we explore the MVA scheme using 3D
PIC simulations in a more extensive parameter space:
we vary the laser power, the laser focal spot size, target
density, and pulse duration. Here, we focus on the study
of laser pulse coupling to the target, the structure of the
fields in the target, as the laser propagates through it, the
scaling of the maximum ion energy with laser parameters,
such as power and duration, as well as on the properties
of the accelerated ion beam, which is of great importance
for applications and beam transport.
We show that the intense laser interaction with an
NCD target creates a co-axial plasma current structure,
which generates a localized mega Tesla-level magnetic
field. The converging electric field behind the rear-
surface of the target makes a contribution to the col-
limation of the ion beam and therefore the accelerated
ions reveal achromatic divergence in the angular distri-
bution. Moreover a favorable scaling of maximum ion
energy is revealed when two conditions are satisfied: (i)
Run a0 τ (fs) ne/ncrit w0(µm) P(PW) EL(J) Emax(MeV)
I-1 161 27 4.52 1.49 1.96 43.9 466
I-2 118 27 3.32 1.49 1.05 23.6 283
I-3 91 27 2.56 1.49 0.63 14.0 182
I-4 70 27 1.96 1.49 0.37 8.3 132
I-5 54 27 1.51 1.49 0.22 4.9 83
II-1 120 27 4.52 2.0 1.96 43.9 360
II-2 88 27 3.32 2.0 1.05 23.6 196
II-3 68 27 2.56 2.0 0.63 14.0 153
II-4 52 27 1.96 2.0 0.37 8.3 108
III-1 80 27 4.52 3.0 1.96 43.9 138
III-2 58 27 3.32 3.0 1.05 23.6 107
III-3 45 27 2.56 3.0 0.63 14.0 85
III-4 35 27 1.96 3.0 0.37 8.3 50
IV-1 114 13.5 1.60 2.1 1.96 21.9 227
IV-2 84 13.5 1.17 2.1 1.05 11.8 140
IV-3 65 13.5 0.91 2.1 0.63 7.0 89
IV-4 49 13.5 0.69 2.1 0.37 4.2 55
V-1 161 54 4.52 1.49 1.96 87.8 412
V-2 118 54 3.32 1.49 1.05 47.2 275
V-3 91 54 2.56 1.49 0.63 28.0 196
V-4 70 54 1.96 1.49 0.37 16.6 131
TABLE I: Initial parameters of 3D simulations organized into
five groups; a0: dimensionless vector potential, τ : laser pulse
duration, ne: electron density, w0: laser waist, P : laser power,
EL: laser energy, and Emax: maximum ion kinetic energy.
Each group has a different laser spot size w0. The laser power
varies from 0.22 to 1.96 PW. The electron density is chosen
by the optimum condition in Eq.(2), except in group V. The
spot sizes from groups I, IV, and V match the channel radius
in Eq.(1).
the laser focal spot size matches the radius of the self-
generated channel in Eq.(1) and (ii) the target density
and the length are determined by the optimum condition
in Eq.(2).
The rest of the paper is organized as follows. The
simulation setup and the parameter space are described
in Section II. The simulation results are in Section III
and IV. The summary and conclusion are in Section V.
II. 3D PIC SIMULATION SETUP
We use the 3D relativistic full particle-in-cell (PIC)
code WarpX [45]. The target is an NCD-hydrogen
plasma with ne = 0.69 − 4.52 ncrit, with longitudinal
thickness of Lch = 32µm. The target density is uniform
in the range of 5µm < z < 37µm and is zero elsewhere.
The laser pulse has both transverse and longitudinal
Gaussian profile and propagates along the z-axis. It is
tightly focused at the target front surface, z = 5µm, with
the focal spot size (laser waist), w0 = 1.488 − 3.0µm
(half-width at 1/e2 of the intensity peak). The laser
wavelength is λ = 0.8µm. A virtual laser antenna is
used to inject the laser and is located within the simu-
lation domain at z = 1µm. The electric field is linearly
polarized along the x-axis. The laser intensity is I =
2.13− 8.54× 1022W/cm2 and the corresponding dimen-
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FIG. 1: Simulation result (Run I-2 in Table I) around the acceleration stage at t = 226 fs: (a) ion density ni/ncrit, (b) electron
density ne/ncrit, (c) By field, and (d) Ez field, in the x− z slice at y = 0. (e) 3D image of the ion density distribution; a strong
magnetic field (ribbon) inside the low-density channel is generated.
sionless vector potential is a0 ≡ eE0/meωc = 54 − 161.
The laser pulse duration is chosen to be τ = 13.5, 27, and
54 fs (defined as the full width at 1/e of the amplitude of
the electric field). The laser power is P = 0.22−1.96PW
and the total laser energy is EL = 4.9− 87.8J.
Table I shows parameter sets of our 3D simulations
organized into five groups. Each group has a different
focal spot size from w0 = 1.49 to 3µm. The laser pulse
duration is τ = 27 fs in groups I–III, 13.5 fs in group IV,
and 54fs in group V. The target densities in each group
are chosen by the optimum condition in Eq.(2) except in
group V. Group V has the same parameters as group I
except for the pulse duration. The laser spot sizes from
group I, IV, and V match the channel radius in Eq.(1),
that is, w0 = Rch, while groups II and III have larger
focal spot sizes, w0 > Rch. The maximum ion energy
is listed in the table and will be discussed in the next
section.
The simulation domain size is (Lx, Ly, Lz) =
(60µm, 60µm, 80µm) and the number of cells is
(Nx, Ny, Nz) = (512, 512, 2400). The cell sizes are dz =
0.0417λ (= 0.3 − 0.55c/ωpe) and dx = dy = 0.144λ
(= 1 − 2c/ωpe), where λ is the laser wavelength, ωpe =
(nee
2/me)
1/2 is the electron plasma frequency.
The boundary conditions are periodic along the trans-
verse directions and open along the longitudinal direction
(z-axis) with a perfectly matched layer (PML) that ab-
sorbs outgoing waves very efficiently [46]. The simulation
runs until 400 fs (4000 time iterations) at which the ion
energy is fully saturated. We used 1 particle/cell/species
and the simulation results converged at higher resolutions
up to Nx = 2400 and Nz = 4800.
Throughout this paper, we largely discuss the simula-
tion result of Run I-2 in Table I, otherwise we specify the
simulation parameters.
III. LASER PULSE PROPAGATION IN NCD
PLASMA
As was mentioned above, the laser pulse makes a
channel both in the electron and ion components of the
plasma, as it propagates through the target, see Fig 1(a-
b), where the results of Run-I for ne and ni distributions
are shown at t = 226 fs. Here a0 = 118, τ = 27 fs, and
P = 1.05 PW. The propagation of the laser inside this
channel is accompanied by the generation of a strong az-
imuthal magnetic field (Fig. 1c) and longitudinal electric
field, as the laser exits the channel (Fig. 1d). Note that
inside the channel, there is a pinched filamentary struc-
ture along the central axis at x = y = 0. The filament is
not perfectly straight along the central axis but wiggles
along the x-axis as the electrons oscillate with the laser
field. The filament carries the electric current toward
the −z direction, dominated by faster electrons, which
induces the azimuthal magnetic field [Fig.1(c)]. As the
magnetic field exits the target, it displaces the surface
electrons and a strong electric field E ∼ 10 − 60TV/m
is induced over the distance of ∼ 10µm behind the rear
surface of the target [Fig.1(d)].
In order to visualize the structure of the current and
magnetic field in the channel, we show in Fig. 1(e) a 3D
image of the ion density distribution. The magnetic field
(blue ribbon) is circulating around the filamentary struc-
ture along the central axis inside the low-density channel.
The cloud near the surface of the target represents the
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FIG. 2: (from top to bottom) 2D slice y− z cut of the electron density (ne), the current density Jz, and the magnetic field Bx
for different laser focal spot sizes, w0 = 1.49µm (left: Run I-2), 2.0µm (middle: Run II-2), and 3.0µm (right: Run III-2), before
the laser pulse exits the target (t = 144fs). In the left column panel, the laser spot size matches the leading channel radius,
w0 = Rch while the other runs have w0 > Rch.
accelerated ions.
Now, we compare the formation of the channel for
different laser focal sizes. Figure 2 shows the electron
density distribution (top), the current density Jz (cen-
ter), and the magnetic field strength Bx (bottom) before
the laser pulse exits the target (t = 144 fs), for differ-
ent laser focal spot sizes, w0 = 1.49µm (left: Run I-2),
2.0µm (middle: Run II-2), and 3.0µm (right: Run III-2).
These variables are plotted in the y − z slice plane to
address the azimuthal component of the magnetic field
Bφ, which is Bx in the y − z plane, distinguished from
the laser field. Here, the laser power and the energy are
fixed as P = 1.05PW and EL = 23.6J in the three runs.
Only the left column panel shows that the laser spot size
matches the channel radius in Eq.(1), w0 = Rch, while
the other runs have w0 > Rch. The radius of the trailing
channel expands as time goes by. As the laser spot size
becomes larger, the laser pulse is dispersed and loses the
energy sideways as seen in the right column panel. As a
result, the current density of the filament along the cen-
tral axis and the induced magnetic field become weaker
for w0 > Rch. The ion energy will be lowered for the
larger spot sizes. Note that the strongest magnetic field
is localized inside the leading channel and reaches around
0.4MT (the left column panel), while the magnetic field
in the trailing channel is reduced by one order of mag-
nitude. As for w0 < Rch (not shown in the figure), the
laser pulse would develop filamentation which prevents
efficient channel generation as discussed in [32].
Figure 3 shows the channel structure in more detail in
the x− y slice cut on z = 28µm at t = 144fs (Fig. 2 left
column). The channel is surrounded by thin dense walls
about twice higher than the background density [Fig. 3(a
and c)] and the high density bump at x = y = 0 is the
plasma pinch which carries the electric current.
Figure 3(b) shows co-axial structure of the current
density Jz. The peak value of the current density is
Jz = 8 × 1017 I/m2 along the −z direction and is com-
pensated by the return current flowing in the walls of the
channel, thereby perfectly screening the magnetic field
outside the channel (see also Fig. 3(d)). Inside the chan-
nel, the magnetic field lines (red) are circulating around
the plasma pinch with a peak value of B ∼ 0.25 mega
Tesla as seen in Fig. 3(b and d).
The intense laser interaction with an NCD target cre-
ates a co-axial plasma current structure, which generates
a localized mega Tesla-level magnetic field in the leading
channel. A strong magnetic field is obtained when the
laser focal size matches the channel radius, which affects
ion acceleration as we will see in the next section.
IV. ION ACCELERATION
In this section, we explore the properties of the accel-
erated ion beam for several different parameters. Figure
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FIG. 3: Channel structure (Run I-2) at t = 144fs: (a) electron density ne/ncrit, (b) electric current density Jz with the B field
lines (red) in the x− y slice cut on z = 28µm, (c) 1D electron density profile, and (d) 1D electric current density Jz (blue) and
Bx field (red) profiles along the y-axis at x = 0.
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FIG. 4: Three consecutive time steps (Run I-2) during the acceleration stage t = 185, 206, and 226 fs: (a-c) ion energy
distribution in the x− z plane (y = 0) (logarithmic color scales represent the energy in MeV) and the Ez field along the central
axis x = y = 0 (magenta). (d-f) charge density ρe = e(ni − ne) and the electric field lines (black) E = Exxˆ+Ez zˆ in the x− z
plane (y = 0).
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FIG. 5: (a) Transverse momentum px − py distribution of the ions at several energy levels centered at E = 50, 96, 143, 190,
and 236 MeV (Run I-2). (b) Divergence vs. normalized energy in the ion energy-angular distribution, for different laser powers
(Run I-1 to I-4). The energy is normalized by the maximum energy in each run. (c) The number of the accelerated ions in
each energy bin with the bin size ∆E = 13MeV (Run I-2).
4 shows the ion energy distribution (top) and the charge
density (bottom) at three consecutive time steps during
the acceleration stage t = 185− 226 fs in the x− z plane
(y = 0). In Fig. 4(a-c), the ions pinched by the electrons
in a thin filament are accelerated at the rear-edge of the
target (the energy is in logarithmic color-scales). The
magenta line is the longitudinal electric field Ez along
the central axis. During this stage, the Ez field strength
decreases from 60 to 10 TV/m and the ion energy in-
creases from 30 to 220 MeV. In Fig. 4(d-f), the charge
density ρe = e(ni−ne) around the rear-surface of the tar-
get is plotted, overlaid with the electric field lines (black),
E = Exxˆ+Ez zˆ. As the magnetic vortex inside the chan-
nel exits the target, it expands transversely and displaces
the surface electrons. Therefore the rear-surface of the
target is positively charged while the negative charge is
concentrated on the apex of the filament with fast moving
electrons along the central axis. The electric field lines
emitting from the rear-surface converge onto the apex
of the filament. Furthermore, the relativistic electrons
of the filament strengthen the transverse component of
the electric field due to relativistic effects. Their velocity
can be characterized by the group velocity of the laser
pulse inside the channel, or in terms of gamma-factor,
γe = (
√
2/1.84)(2P/KPc)
1/6(ncr/ne)
1/3 [32]. The con-
verging electric field indeed makes a contribution to the
collimation of ions.
Figure 5(a) shows the transverse momentum px − py
distribution of the ions at several energy levels centered
at E = 50, 96, 143, 190, and 236 MeV (Run I-2). The dis-
tribution reveals highly collimated accelerated ions. The
influence of laser power on the divergence of the ion beam
is examined, as shown in Fig. 5(b) (Run I-1 to I-4); the
divergence is defined as 2∆θ = 2(〈θ2〉 − 〈θ〉2), where 〈 〉
is the average of the angular distribution in each energy
bin, θ = cos−1 [pz/p], and pz is the z-component moment.
The energy is normalized by the maximum ion energy
in each run. The divergence 2∆θ is around 5 to 8 de-
grees between 0.3 < E/Emax < 0.8 for the laser powers,
0.35 < P (PW) < 1.96. All the runs reveal achromatic
divergence. The converging electric field behind the rear
surface of the target makes a contribution to such an
achromatic divergence of the ion beam. Such a narrow
angular dispersion is not commonly found in other accel-
eration schemes. Exceptionally, a recent experiment on
TNSA with a large laser focal diameter 2w0 ∼ 100λ per-
formed at the peta-watt BELLA laser facility revealed
an achromatic divergence with 2∆θ = 100mrad = 5.7◦ of
the ion beam [47]. In Fig. 4(f), the histogram shows the
number of the accelerated ions in each energy bin with
the size of ∆E = 13MeV, and about 5× 1010 (2× 1010)
ions are accelerated above E = 50 (100) MeV. We mea-
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FIG. 6: Maximum ion energy as a function of time for differ-
ent laser powers (Run I-1 to I-5).
sure that 18% (or 20%) of the laser energy is transferred
to the total ions, and 3.3% (or 4.4%) is transferred to
the ions above E = 50 MeV for P=1PW of Run I-2 (or
P=2PW of Run I-1). More than 50% of the laser energy
is used to heat the electrons for both cases.
Figure 6 shows time evolution of the maximum ion en-
ergy for different laser powers (Run I-1 to I-4). Here,
the peak of the laser pulse arrives at the front sur-
face at t = 53fs. The ions start to be accelerated
around t = 180fs after the laser pulse exits the target
at t = 170fs. The ion gains about 80% of the maximum
energy during the acceleration stage from t = 180 fs to
240fs, and reaches saturation at t > 300 fs. The accel-
erated ions come from the edge of the filament when the
channel in the ion distribution opens at the rear side of
the target, which lags behind the channel in the electron
distribution.
Figure 7 (top) shows the maximum ion energy vs. the
laser power from Run I-1 to I-5 (τ = 27fs), IV-1 to
IV-4 (τ = 13.5fs), and V-1 to V-4 (τ = 54fs) in Ta-
ble I. Interestingly, the data points fit to a power-law,
Emax ∝ Pσ, only when the spot size matches the chan-
nel radius, and the power-law index is σ ∼ 0.8. This
scaling can be explained in the framework of a simple
analytical model. We assume that the ions are accel-
erated by a pulsed longitudinal electric field E, which
is E = Bmax, and the length of this field is Rch. We
also assume that this field moves with the speed of light.
Then for the ions, we can write an equation of motion:
dp/dt = ε(x− ct), where ε = eE/miωc is the normalized
electric field, time is normalized to ω−1, and the mo-
mentum is normalized to the ion mass times the speed
of light. This equation can be solved in quadratures as
(−1+3p+p3+(1+p2)
√
1 + p2) = 6piRch/λ. Here, we as-
sumed that ε is constant over the phase interval (0, Rch),
and is equal to zero elsewhere. This solution gives a scal-
ing of Emax ∼ P for P  1 PW, and for P ∼ 1 PW the
solution is well reproduced by the P 0.8 scaling, which is in
good agreement with the results of 3D PIC simulations.
In Fig. 7 (top), the maximum ion energy for the short
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channel vs. laser power for τ = 27fs (Run I-1 to I-5). The
power-law scaling is ∝ P 0.55.
pulse τ = 13.5fs (green dot) is reduced 50% compared
to that of τ = 27fs (blue dot) for a given laser power
because the total laser energy is a half. Interestingly, the
maximum ion energy (red x) for the longest pulse dura-
tion τ = 54fs is comparable to that of τ = 27fs. Note
that the parameters for the longest pulse do not meet
the optimum condition in Eq.(2). To meet the optimum
condition, either the density ne or the target length Lch
needs to be twice. For τ = 54fs, the residual part of the
laser pulse longer than 27fs escapes the target through
the channel without heating the electrons inside, which
is confirmed by the simulation (not shown in figures).
Therefore, the maximum ion energy for a given laser
power is similar between the two pulses, τ = 27fs and
54fs. If the parameters for the pulse duration τ = 54fs
meet the optimum condition in Eq.(2), we predict that
the maximum ion energy will increase significantly.
Figure 7 (bottom) shows the maximum magnetic field
generated inside the channel vs. the laser power from
Run I-1 to I-5 (τ = 27fs). The maximum field strength
is localized inside the leading edge of the channel, B ∼
0.4MT (or 0.6MT) for the laser power P = 1PW (or
2PW). The power-law scaling Bmax ∝ P 0.55 is close to
8the theoretical prediction where the power-law index is
given by 1/2 [32].
In this section, the ion beams revealed high level of col-
limation and achromatic angular divergence due to the
converging electric field behind the target. Such a sig-
nificant amount of charge ∼ 1010H+ above 100MeV for
P ∼ 1PW makes the MVA scheme potentially a desirable
source for the application to hadron therapy. A favorable
energy-power scaling Emax ∝ P 0.8 is obtained from the
3D PIC simulations, and is also predicted from our sim-
ple analytic models as long as the optimum conditions,
Eq.(1) and (2), are satisfied.
V. SUMMARY AND CONCLUSION
We studied laser driven ion acceleration in the MVA
regime by employing 3D PIC simulations and analytic
models. In order to optimize the process of acceleration
from the point of view of increasing maximum ion energy
we studied the coupling of the laser pulse to the target
by a comprehensive parameter scan. We varied the focal
spot size, the power, and the duration of the laser, as
well as the density of the target.
We showed that the optimal acceleration happens
when two conditions are satisfied. First, the laser is fo-
cused at the front of the target to a spot, which radius
is equal to the radius of the laser-generated channel in
the target, and, second, the density and thickness of the
target are given by the laser depletion condition.
The 3D computer simulations revealed the structure of
the electric and magnetic fields inside the target, as well
as that of the plasma itself. It was shown that the laser
creates a co-axial plasma structure in the target along
the direction of its propagation: a laser-generated chan-
nel with high density wall and a strong pinched electron
current, flowing along the channel central axis. A strong
magnetic field is created by the electric current flowing
in the filament and the return current, flowing in the
wall. The co-axial structure of the currents ensures that
the magnetic field is localized inside the channel. Due to
the strong pinching of the central filament, which is due
to the fact that the electrons have relativistic energies,
the magnetic field amplitude can almost reach MT-level
(6 × 105 Tesla observed in a simulation for Run I-1, a
2 PW case), which is in good agreement with analytical
estimates [32].
We showed that as the intense laser-driven electron
current and magnetic field leave the target from its back,
strong longitudinal and transverse electric fields are es-
tablished. These fields accelerate the protons to several
hundred MeV maximum energy and collimate them into
a well defined beam with achromatic angular divergence
with 2∆θ ∼ 7o.
The 3D PIC simulation results prove the validity of the
waveguide analytical model of the MVA regime proposed
in Refs [30, 32]. Using this model we were able to analyze
the scaling of the magnetic field in the channel, which
scales as the square root of laser power, and the scaling of
the maximum ion energy, which scales as (laser power)0.8
for laser pulse power ranging from 0.2 PW to 2 PW. We
note that the scaling works only for the optimal coupling
of the laser to the target.
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